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Abstract 


Nanocrystalline powders of CGO materials with different contents of Gd were prepared by a freeze-drying method and used to prepare dense 
ceramic samples. This method allowed one to obtain good quality samples to re-examine the reducibility of CGO materials. These materials were 
characterized by a combination of coulometric titration, impedance spectroscopy and ion blocking measurements to evaluate changes in point 
defect chemistry and mixed conducting properties. We have examined the onset of n-type conductivity as a function of temperature and oxygen 
partial pressure, and this information was used to re-examine the mixed transport properties in reducing conditions imposed by fuels, and also the 
OCV obtained with CGO solid electrolyte cells under air/CGO/fuel gradients. The polaron mobility was also evaluated and was found to depend 
slightly on temperature and to decrease with increasing oxygen deficiency. This confirmed that the electronic conductivity is mainly dependent on 


reducibility. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Ceria materials with rare earth additives (Y°+, Gd?+, Sm3*, 
La**. . .) are potential electrolyte materials for intermediate tem- 
perature applications [1—6], except possibly for the onset of 
n-type electronic conductivity. The decrease in the oxygen par- 
tial pressure increases the non-stoichiometry accompanied by 
partial reduction of Ce** to Ce**, causing the onset of electronic 
conductivity [7—10]. In addition, excessive oxygen stoichiom- 
etry changes might spoil the thermo-mechanical stability of 
ceria-based materials due to stresses imposed by relatively large 
Ce** cations. One must thus seek electrolyte compositions with 
oxygen stoichiometry determined mainly by the content of alio- 
valent additive and minimum additional changes under reducing 
conditions. 

Nevertheless, enhanced electronic conductivity might be 
interesting if one considers the use of ceria-based materials as 
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a component of composite or cermet fuel electrodes, such as 
anodes for solid oxide fuel cells [11-13]. The hypothesis of 
using ceria materials both as solid electrolyte and component 
of fuel electrode depends mainly on the limits of electrolytic 
domain, often taken as the conditions when the ionic transport 
number is less 0.99. 

Though the reducibility might depend on the type of alio- 
valent additive and its content, the relevant literature includes 
contradicting data on the non-stoichiometry changes as well 
as the electronic conductivity. For example, some references 
suggest that the increase in the trivalent dopant concentration 
increases the reducibility of ceria-based materials [14—16], and 
this was also supported by some theoretical simulations [17]. 
However, other authors showed the opposite trend, i.e., lower 
changes in oxygen stoichiometry with increase in dopant con- 
tent [5,18,19]. Usually the electronic conductivity is extracted 
from the dependence of total conductivity on oxygen par- 
tial pressure, under the assumption that the ionic conductivity 
remains sufficiently smaller than the electronic contribution 
[20-21]. However, in reducing conditions the increase in oxy- 
gen deficiency could lead to both changes in electronic and 
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ionic conductivity [22] hindering the separation of ionic and 
electronic contributions from the total conductivity. Thus, it 
is appropriate to use alternative techniques to obtain indepen- 
dent measurements of electronic contribution. Hebb—Wagner 
ion-blocking methods [23,24] have been used in ceria based 
materials [10,25—30]. 

One should also re-examine the conclusion that introduc- 
tion of about 20% of different trivalent cations produces small 
changes on the electronic conductivity [31], and extend the anal- 
ysis to wider ranges of composition. In a previous work [32] one 
analyzed the electronic transport properties of Ceo.3Smo.202_3 
under reducing conditions by independent measurements of the 
stoichiometric loss and the electronic conductivity. The actual 
work has now been extended to Ce;_,Gd,O2_3, with different 
fractions x, to assess the effects of composition on reducibility 
of CGO and transport properties. 


2. Experimental 


Gd-doped ceria solid solutions Ce;_,Gd,O2_s (x=0, 0.1, 
0.2, 0.3) were prepared by freeze-drying [32,33], using nitrates 
Ce(NO3)3-6H20 (Aldrich, 99.99%) and Gd(NO3)3-6H20 
(Aldrich, 99.9%). The freeze-dried precursors were calcined at 
375°C for 4h to decompose nitrates, and XRD patterns con- 
firmed formation of fluorite single phase. 

The powders were calcined at 600°C for 4h to attain a 
similar starting condition to perform coulometric titration mea- 
surements [34,35] using the experimental systems described 
elsewhere [32]. The powder is introduced in a Pt crucible and 
inserted into the electrochemical cell, which comprises a section 
of YSZ tube and two sealed YSZ pellets to obtain gas tight con- 
ditions. Symmetrical Pt electrodes were painted in the internal 
and external faces of the tube and were connected by Pt wires 
to a dc power source (Yokogawa 7651), with the interior under 
cathodic polarization. In this situation, the YSZ tube works as an 
oxygen pump to extract oxygen thus lowering the oxygen partial 
pressure inside the cell and reducing the sample. The upper YSZ 
pellets was adapted to work as an oxygen probe by painting Pt 
electrodes attached to Pt wires, and using a multichannel mul- 
timeter (Keithley 2700 + 7700) for the emf measurements (Vo). 
According to the Nernst equation: 
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where R is the universal constant, T absolute temperature, F 
Faraday constant, and pO? and port are the inside and outside 
oxygen partial pressures, respectively (e.g., port = 0.21 atm). 
Every coulometric titration experiment was performed by apply- 
ing a step change in applied potential to the oxygen pump 
and using the Faraday law to extract the oxygen stoichiome- 
try change (A6) from the time dependence of supplied current, 
ie., 
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where Mcco is the formula weigth of CGO; m the mass of the 
sample; t; and f2 are the initial and final times, respectively; Z the 
current through the electrochemical pump, and Z is the residual 
current at the final steady state conditions. The oxygen sensor 
was used to monitor transient changes in oxygen partial pres- 
sure and to record the steady state value. The changes of oxygen 
content in the gas phase (inside the cell) were subtracted from 
the total value of pumped oxygen, to determine the stoichiomet- 
ric loss of the sample. The voltage supplied to the pump was 
changed by 50 mV steps with a sequence of increasing values. 
The n-type electronic conductivity was measured by 
Hebb-Wagner/ion blocking technique [10,23-30]. Dense Gd- 
doped ceria pellets, obtained after sintering at 1600°C during 
10h were sealed by a ceramic glass against an alumina impervi- 
ous pellet avoiding oxygen leaks. Pt electrodes were previously 
painted on both sides of the sample and attached to Pt wires 
connected to a dc power source (Yokogawa 7651). The inner 
electrode was polarized cathodically under a given value of 
applied voltage, until steady state conditions were reached. Tran- 
sient changes and the steady state value of potential difference 
across the sample (Vo) were monitorized by a dc multimeter 
(Keithley 2700 +7700) using a different pairs of Pt wires con- 
nected to the sample electrodes. The sequence of experiments 
was performed with 50 mV steps, in increasing order, and for 
the temperature range of 700-1000 °C. The average electronic 
conductivity for the conditions across the sample can thus be 
obtained as: 
Lk 
A Vo 
where Ze is the electronic current, L the sample thickness and A 
is the area of the Pt electrodes. This corresponds to the average 
electronic conductivity under a chemical potential difference 
across the sample, i.e., air/CGO/pO2, where pO is obtained 
from the value of applied voltage (Eq. (1)). Similarly, the elec- 
tronic conductivity at a fixed value of pOz (i.e., without gradient 
of chemical potential) can be obtained on differentiating the 
steady state current versus voltage difference across the sample: 
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The ionic conductivity of the sintered pellets was obtained 
by impedance spectroscopy (Solartron 1260). 


3. Reducibility 


Fig. 1 shows a typical example of time dependence of cur- 
rent Z(t) and emf reading Vo(t) in the coulometric titration cell, 
after a step change in applied potential (Vap). Numerical inte- 
gration of current during the transient regime (Eq. (2)) yields 
the oxygen loss and stoichiometric change of the sample, for the 
overall change in sensor readings between the start and end of 
the transient regime. The corresponding dependence of oxygen 
stoichiometry versus oxygen partial pressure inside the cell is 
shown in Fig. 2; this reveals sharp rise of reduction at low values 
of oxygen partial pressure, which is enhanced with increasing 
temperatures. 
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Fig. 1. Time dependence of current (thick line) and voltage (dashed line) in 
the coulometric titration cell between two equilibrium states, after applying a 
generic voltage of 300 mV by the dc source. 


Fig. 2 shows that the oxygen loss clearly decreases when 
introducing Gd** into the CeO» host and also decreases when 
the content of Gd** increases. This suggests that the presence 
of the trivalent additive decreases reducibility under prospective 
working conditions. In order to assess the composition effects 
one must thus take into account the expected effects of Gd?* on 
the nominal concentration of oxygen vacancies: 
Gd03—¥2Gd’,, + Vo + 30% (5) 


and the reaction of reduction of Ce** to Ce** according to: 


l 1 3 
O% + 2Ces, < 502 (gas) + VO + 2Cebe (6) 


The corresponding mass action constant can be combined 
with the electroneutrality condition and other mass and lattice 
position restrictions, for a more detailed quantitative analysis. 
On neglecting defect interactions and thus assuming nearly ideal 
behaviour: 
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Fig. 2. Dependence of oxygen deficiency Aô in ceria (CeO2_,as) and 
Ce;~,Gd,O2_./2-a5 samples vs. oxygen partial pressure. 


with the following relations between the concentrations of rel- 
evant species, stoichiometric changes (^ô), and fraction of 
trivalent additive (x): 


8 
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where vo is the unit cell volume. Substitution in Eq. (6) should 
thus allow one to obtain the values of mass action constant from 
the entire range of values of Aé versus pO? at a given temperature 
T: 
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We can thus extract the enthalpy of reduction AHp from plots 
of In(Kp) =(ASp/R) — (AHR/R)T~!, as suggested for CSO [32]. 
Alternatively, we can extract the enthalpy from the temperature 
dependence of pO». Note that (pO2)'”” is proportional to Kp at 
constant oxygen stoichiometry, and thus 


AHR 


2 
In(pO2) = Const — T! (14) 


The results shown in Fig. 3 correspond to a typical 
hipo-stoichiometry Ad=0.05, for CeOz (closed circles) and 
Ce,~,Gd,O2_x/2- as with x = 0.1 (closed squares), x = 0.2 (trian- 
gles) and x = 0.3 (diamonds) and also Aé = 0.02 for x =0.1 (open 
squares). From the values of slope we have estimated typical val- 
ues of enthalpy AHp in the range 410-430 kJ/mol. Table 1 shows 
a comparison between these values and other results reported in 
the literature. 
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Fig. 3. Temperature dependence of oxygen partial pressure at constant oxygen 
stoichiometry with Aé = 0.05 (closed symbols) or Aô = 0.02 (open symbols), and 
for CeOo_ a5 (circles) and Ce;_,Gd,,O2_,/2-a5 with x=0.1 (squares), x=0.2 
(triangles) and x= 0.3 (diamonds). 
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Table 1 
Enthalpy (AH) of reduction for different dopants (Ln) and contents (x) in ceria 
based solid solutions Ce;_,»Ln,O2~(a/2)—a5 


x AHr (kJ/mol) Additive/Reference 
0.1 410-420 Gd/this work 
400 Sm/[16] 
438 Gd/[14,15] 
0.2 430 Gd/this work 
385 Gd/[14,15] 
385 Sm/[16] 
415 Gd/[20] 
375 Sm/[32] 
350-360 Sm;Gd/[38] 


The results in Fig. 2 suggest an inflection for very reducing 
conditions (dashed lines), especially at the lowest temperatures 
and for the highest contents of Gd**+. These deviations thus 
resemble previous observations [15,36,37], and suggest limita- 
tions of the ideal model [38]. For example, interactions between 
oxygen vacancies and the trivalent additive may account for 
deviations from ideal behaviour [39-41]. In addition, one may 
expect interactions between polarons and oxygen vacancies in 
its first coordination in the fluorite structure [17], probably by 
accommodating stresses caused by relatively large Ce**. 

However, the deviations shown in Fig. 2 may also be due to 
experimental errors such as differences between the measured 
emf values and the true condition in the sample, due to slow 
kinetics, non uniform conditions inside the cell, limitations in 
gas phase transport of oxygen carrying species, and possibly also 
electrochemical leakage through the solid electrolyte cell. Such 
complications are more likely when the cell operates under high 
cell voltage or at relatively high oxygen pumping currents, i.e., 
for the highest range of Ad. Thus, we have ignored the results for 
the highest values of Aô in Fig. 2, namely above the inflection. 

Fig. 4 shows that significant changes in oxygen stoichiome- 
try, and corresponding changes in concentration of ionic and 
electronic defects, occur under typical fuel conditions con- 
taining the reduced and oxidized species (e.g., H2 + H20). On 
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Fig. 4. Dependence of oxygen stoichiometry vs. the Hz:H2O ratio in fuel 
atmospheres at 800°C (open symbols) and 900°C (closed symbols), for 
Ce,_,Gd,O2_x/2-as with x=0.1 (squares), x=0.2 (triangles) and x=0.3 (dia- 
monds). 
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Fig. 5. Average electronic conductivity under 0.21 atm//pO> gradients, obtained 
by the Hebb—Wagner method, Ce ay = (L/S)I/Vo for x = 0.1 (open symbols), x =0.2 
(thin lines) and x=0.3 (thick lines) in Ce;_,Gd,O2_,/2- as. 


assuming equilibrium in the gas phase one easily obtains the 
relation between the ratio pH2:pH2O and the oxygen partial 
pressure: 


a AGH o 
= 1/2 = 1 
(pO2) exp ( RT ) (15) 


pH2 
pH20 


where AGy,0 is free energy of reaction: H2 + 1/202 > H20. 

Such oxygen storage ability and/or substantial changes in 
concentrations of ionic and electronic species may exert impor- 
tant effects on electrochemical processes taking place at the 
contact between electrolyte and anode, or when ceria-based 
materials are used as a component of composite anodes. Note 
also that the reducibility of CeO is higher than for CGO mate- 
rials. 


4. Electronic conductivity 


The electronic conductivity was also evaluated by a 
Hebb-—Wagner applied to pellets sintered at 1600°C during 
10h, with densification in the order of 96%. The average elec- 
tronic conductivity between air and reducing conditions was 
then obtained from current—voltage curves (Eq. (3)) and it is 
shown in Fig. 5. These results clearly show that the onset of 
electronic current is displaced towards more reducing conditions 
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Fig. 6. Electronic conductivity without pO gradient. 


Table 2 
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n-Type electronic conductivity and activation energy at 10~!° and 107" atm 


295 


Sample T (°C) Shop (S m7!) pO2 = 107 atm Ehop (eV) pO2 = 107!° atm Shop (Sm7!) pO = 107} atm Ehop (eV) pO2 = 10715 atm 
1000 = = 
icco 900 10.02 x 107! TT 7.44 j 
s 800 12.65 x 107? i 11.01 x 107! 33 
700 10.53 x 1073 6.92 x 107? 
1000 5.97 53.08 
900 8.49 x 107! 8.09 
auaa 800 9.94 x 10-2 gal 9.89 x 107! oon 
700 8.91 x 1073 6.25 x 107? 
1000 3.06 35.41 
900 6.15 x 107! 8.63 
30CGO 800 7.64 x 10-2 a 11.04 x 107! 222 
700 = = 


when the Gd*+-content increases, indicating a lower electronic 
contribution under identical reducing conditions. 

On differentiating results obtained by the Hebb—Wagner 
method one also obtained the electronic conductivity at fixed 
values of pO, as shown in Fig. 6, and also in Table 2 (for 
pOz=107!° and pO, =10~'> atm). The temperature depen- 
dence at constant pO was used to estimate the activation energy, 
also shown in Table 2. These values are within the range of 
2.2-2.6 eV, as previously reported for different lanthanide-doped 
ceria [4,25,29,31]. Some discrepancies with the literature data 
could be due to the fact that the activation energy has often 
been obtained by extrapolating the electronic conductivity to 
pO2= latm, i.e. by several orders of magnitude, which may 
cause significant deviations. 

The similarity between the values of AHp/2 (obtained from 
Fig. 3) and the activation energy of n-type electronic conduc- 
tivity indicates that the temperature dependence of electronic 
transport is mainly related to the reducibility of ceria based mate- 
rials, with a minor contribution of the temperature dependence 
of mobility. The polaron mobility ({1nop) was extracted on com- 
bining the values of conductivity and oxygen deficiency (Eq. 
(9)), as follows: 


Ohop (pO2, T) 
8e/vo Ad (pO2, T) 


Hhop = (16) 
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Representative results are shown in Fig. 7. The results for 20% 
Gd at different temperatures confirm that the mobility is slightly 
dependent on temperature (Fig. 7a) with activation energy in the 
range of 0.2—0.6 eV. Though our results of polaron mobility tend 
to be somewhat lower than other literature data for similar pO2 
(Table 3), the differences can be easily ascribed to experimental 
errors in the dependence of Aô versus pOo, or ø versus pO. The 
results in Fig. 7 also show that the mobility tends to increase with 
decrease in oxygen deficiency, as reported for CSO [32], and also 
by other authors [9,11]. This trend may be due to stronger point 
defect interactions with increasing Aô. 


5. Mixed conductivity in prospective fuel cell conditions 


One can also examine the effects of electronic conductiv- 
ity on prospective applications. For example, the values of 
average electronic and ionic conductivities (o7) can be used 
to obtain the average transport number te av = Oe,av/(Oe,av +07) 
of a solid electrolyte in fuel cell conditions, i.e. under a 
chemical potential gradient from air to the fuel atmosphere 
containing H2 +H20. For this purpose we have resorted to 
values of ionic conductivity obtained by impedance spec- 
troscopy in air previously reported [41] and under the 
assumption that the ionic conductivity is not considerably 
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Fig. 7. Polaron mobility results obtained for Ce;_,.Gd,O2_,/2-a3- 
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Table 3 
Polaron mobility compared with some results extracted from literature 


Sample hop (cm? V~! s7!) (T= 1000°C) (pO2 ~ 107!? atm) hop (cm? V~! s7!) (T= 800°C) (pO2 ~ 107!6 atm) Reference 
10CGO 1.0 x 1073 0.45 x 10-3 This work 

3.8 x 1073 2.9 x 1073 [4] 

5.14 x 107° 1.41 x 107° [22] 
20CGO 1.3 x 1073 0.5 x 1073 This work 

3 x 10-3 2.4 x 1073 [4] 

2.91 x 1073 1.34 x 1073 [22] 
30CGO 1.0 x 10-3 0.97 x 10-3 This work 
CeO 8 x 10-3 4 x 1073 (725°C) [9] 

6.1 x 1073 [37] 


affected by pO2. Eq. (15) may then be used to establish 
the relation between the hydrogen:steam ratio and oxygen partial 
pressure. Fig. 8 shows results for two representative conditions 
with gradients corresponding to air/CGO/H2:H20 = 1:1 (closed 
symbols) and air/CGO/H2:H20 = 1:10 (open symbols). It is 
observed that the average electronic transport number increases 
with temperature and is distinctly higher for the lowest contents 
of trivalent additive. 

The consequences of electronic conductivity can also be 
analyzed by estimating the effects on the open cell voltage 
Voc = Vo(1 — te,av), due to the onset of electronic conductivity. 
For example, Fig. 9 shows the open cell voltage predicted for 
a cell under a gradient of air/CGO/(H2 + H2O mixtures). The 
Nernst potential was calculated on combining Eqs. (1) and (15), 
and is also shown for comparison. These results confirm that the 
effect of electronic conductivity on cell voltages is significant 
for temperatures in the range of 800°C or higher. 

Ceria-based materials are also prospective anode components 
of solid oxide fuel cells. In this case, the reducibility and onset of 
mixed ionic-electronic conductivity may contribute to enhance 
the electrode kinetics. The optimization of ceria-based materials 
and conditions of operation in solid oxide fuel cells may thus 
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Fig. 8. Temperature dependence of average electronic transport number under 
Air//H2:H20 = 1:1 (closed symbols), and Air//H2:H2O = 1:10 (open symbols), 
for Cey_,Gd,O2_./2-as with x=0.1 (squares), x=0.2 (triangles) and x=0.3 
(diamonds). 
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Fig. 9. Estimates of OCV under air//H2 + H20 gradients, for Ceo. Gdo.201.9-4A5. 
The dashed line represents the OCV for an ideal ionic conductor. 


be a compromise between opposite effects of reducibility and 
electronic conductivity on cell voltage, and electrode kinetics. 
Representative results of electronic transport number for a fuel 
condition Hz:H2O = 1:1 and different values of electrode over- 
potential are shown in Fig. 10. The anodic overpotential yields 


te 


700 800 900 
T (C) 


Fig. 10. Estimates of electronic transport numbers of Ceo. Gdo.201.9— as (closed 
symbols) and Ceg.9Gdo,; O1,95—as (open symbols) under a typical fuel condition 
H2:H20 = 1:1, and with different levels of anodic polarization. 


D. Pérez-Coll et al. / Journal of Power Sources 173 (2007) 291-297 297 


major changes in the electronic transport number, especially at 
the highest temperatures (Fig. 10). This effect is less pronounced 
for the lowest contents of Gd (x=0.1), which shows weaker 
dependence of n-type conductivity on oxygen partial pressure, 
mainly under very reducing conditions (Fig. 6). 


6. Conclusions 


We have confirmed that the oxygen deficiency Aô of 
Ce;~,Gd,O2_x/2- a5 is a guideline to re-examine the role of 
electronic conductivity in this materials. The changes in oxy- 
gen stoichiometry are strongly dependent on temperature and 
decrease slightly with increasing contents of trivalent additive 
(Gd**). Though this is also true for the n-type conductivity under 
moderately reducing conditions, the trend may be reverted under 
very reducing conditions, possibly due to significantly higher 
polaron mobility. We have also evaluated the average electronic 
conductivity for a solid electrolyte under air/CGO/H2 + H20, 
and combined this information with the ionic conductivity to 
estimate the effects on open circuit cell voltage. They confirm 
significant drop in OCV at 800°C or higher temperatures. The 
results of electronic and ionic conductivities were also used to 
evaluate the mixed transport properties of ceria-based materi- 
als as prospective anode components, on considering both the 
dependence on H2:H20 ratio and typical values of anodic over- 
potential. 
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